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If, during the early Universe epoch, the dark matter particle thermalizes in a hidden sector which
does not thermalize with the Standard Model thermal bath, its relativistic thermal decoupling
can easily lead to the observed relic density, even if the dark matter particle mass is many orders
of magnitude heavier than the usual ∼ eV hot relic mass scale. This straightforward scenario
simply requires that the temperature of the hidden sector thermal bath is one to five orders of
magnitude cooler than the temperature of the Standard Model thermal bath. In this way the
resulting relic density turns out to be determined only by the dark matter mass scale and the ratio
of the temperatures of both sectors. In a model independent way we determine that this can work
for a dark matter mass all the way from ∼ 1 keV to ∼ 30 PeV. We also show how this scenario works
explicitly in the framework of two illustrative models. One of them can lead to a PeV neutrino flux
from dark matter decay of the order of the one needed to account for the high energy neutrinos
observed by IceCube.
To account for the fact that dark matter (DM) is res-
ponsible for about ∼ 26 % of the energy content of the
Universe today, the thermal non-relativistic freeze-out
scenario is particularly straightforward. It is based on
the simple assumption that the DM particles interact in
a sizeable way with some of the Standard Model (SM)
particles, so that it thermalizes with them during the ra-
diation dominated early Universe epoch. The decoupling
from thermal equilibrium it involves can easily lead to
the observed relic density for a DM mass scale all the
way from few keV to ∼ 100 TeV [1]. As well known, this
scenario is quite different from the case of a relativistic
DM decoupling, which leads to a suppressed enough relic
density only if the DM mass is around a scale as low as
the ∼ 10 eV scale. This possibility is however excluded
by large scale structure (LSS) formation constraints, see
e.g. [2–4].
This Weakly Interacting Massive Particle (WIMP)
miracle remains as of today the most straightforward,
and in many ways the most attractive, possibility to
account for the DM relic density. However, the non-
observation of any of the various WIMP candidates which
should have been already observed, in particular by di-
rect detection experiments, challenges this explanation,
even if many other WIMP candidates are still perfectly
viable. Furthermore, the non-observation of any new
physics around the TeV scale at the LHC raises some
doubts on the fact that there could be any new funda-
mental physics associated to this scale at all. The new
physics scale could be many orders of magnitude above
the LHC scale, or much below if this new physics only
couples feebly to the SM particles.
All this motivates searches for new DM production
mechanisms at scales much higher than the LHC scale
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[5–16] and/or with the new physics coupling only feebly
to the SM. The possibility that the DM particle mass
could be much above the TeV scale is also interesting for
various other reasons. An experimentally motivated ex-
ample is that PeV DM decay could constitute a viable
explanation for the ∼ PeV neutrinos events observed by
the IceCube experiment [17–19].
In the following we consider a scenario where the DM
does not thermalize with the SM thermal bath, but still
thermalizes with other particles within a hidden sector.
Thus, the DM couples only feebly to the SM particles but
couples much more to the other particles in the hidden
sector. In this case, the temperature of the hidden sector
T ′ is expected to be different from the temperature of the
SM bath, T . Here, for the purpose of DM production, the
T ′/T ratio is an initial condition, presumably fixed by in-
flation physics. For such a setup, the possibility that DM
undergoes a non-relativistic freeze-out within the hidden
sector (i.e. that it decouples while being already largely
non-relativistic) has been considered in a long series of
works, see e.g. [5, 6, 20, 21]. However, the possibility
that it decouples when it is still relativistic, or close to
relativistic, has, to our knowledge, been hardly discussed,
even though it is a particularly straightforward and some-
what self-evident scenario. It has been considered as a
possibility to have a ∼ keV warm DM candidate with
T ′/T slightly below unity [22–24] (e.g. obtained through
decoupling of relativistic species, starting from T ′/T = 1
at a high temperature). In [25] it has been briefly dis-
cussed to show that this scenario is viable for T ′/T  1
(and large DM masses).
Here we consider this regime in details. In particular
we determine the range of DM masses it allows, and we
also consider 2 explicit models to illustrate how this sce-
nario works in concrete setups. The first model assumes a
heavy mediator, whereas the second one does not involve
any mediator. For both cases, we show that relativis-
tic or almost relativistic thermal decoupling within the
hidden sector can straightforwardly lead to the observed
relic density for DM masses much larger than in the ordi-
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2nary freeze-out scenario with a single thermal bath. The
relativistic decoupling regime is in particular the regime
which turns out to allow the highest DM masses. It al-
lows masses up to several tens of PeV. Such a scenario
fits very well with the idea that there could be a whole
new sector associated to DM, and nothing tells that this
whole new sector should necessarily interact sizeably with
the SM sector in other ways than gravitationally.
If DM decouples relativistically, its number density at
time of decoupling is simply given by
nDM =
ζ(3)
pi2
g
(n)
DMT
3 ·
(
T ′
T
)3
, (1)
where g
(n)
DM is the effective number of degrees of freedom
of the DM particle contributing to the DM number den-
sity (i.e. gDM · c with gDM as the number of DM degrees
of freedom and c = 1, 3/4 for bosons and fermions re-
spectively). The (T ′/T )3 factor arises if DM thermalizes
within a thermal bath which has temperature T ′, rather
than the temperature T of the SM thermal bath.
Well known examples of hot relics are the SM neutri-
nos. Since Tν = Tγ when neutrinos decouple, they lead
to a too large relic density unless they are very light,
Ων ' 0.26 · (
∑
mν/10 eV). Neutrinos decouple relativis-
tically because their annihilation processes into charged
leptons are weak processes, i.e., mediated by the much
heavierW and Z bosons. FormW  T  mν,l, the anni-
hilation cross section is 〈σv〉 ∝ α2WT 2/m4W . This gives a
decoupling temperature T νdec ' (m4W /mPlanckα2W )1/3 ∼
1 MeV  mν as solution of the decoupling condition
Γν = nν〈σv〉 = H.
Now for a DM particle which decouples within a ther-
mal bath with a temperature T ′ smaller than T , one im-
mediately understands that the 10 eV scale is traded for
a scale a factor (T/T ′)3 times larger. Thus, the DM mass
scale can be much larger, even though it is a hot relic.
Explicitly, we can make use of Eq. (1) to calculate
ΩDM = 1.74× 1011 ·
(
T ′dec
Tdec
)3 (mDM
1 TeV
)( g(n)DM
gS? (Tdec)
)
,
(2)
where Tdec and T
′
dec are the values of T and T
′ when DM
decouples, with the last factor accounting for the fact
that the number of entropy degrees of freedom at decou-
pling is not the same as today. The other way around,
this equation gives the T ′/T ratio one needs to account
for the 26% if DM has a given mass,
T ′dec
Tdec
= 1.14× 10−4 ·
(
1 TeV
mDM
)1/3(
gS? (Tdec)
g
(n)
DM
)1/3
. (3)
As briefly discussed recently in [25], this value of T ′/T
constitutes a “T ′/T floor” in the sense that, thermally,
one cannot have more particles left than for the case of
DM decoupling relativistically. Thus, for any smaller
value of T ′/T , the number of DM particles left is too
small to account for the 26%. Note that, as Eq. (2)
shows, the relic density is determined by only 2 input
parameters, mDM and T
′/T . Unlike for the usual freeze-
out scenario there is no dependence on the value of the
annihilation cross section (and thus on the values of the
masses and couplings determining this cross section).
Combining this T ′/T floor value with the lower bound
on the mass of a sterile neutrino, coming from the re-
quirement that it is enough non relativistic at the time
of LSS formation [2]
mDM & 3.3 keV ·
(
T ′dec
Tdec
)
, (4)
one obtains the new lower bound on mDM
mDM & 0.48 keV ·
(
gS? (Tdec)
g
(n)
DM
)1/4
. (5)
The extra T ′/T factor in Eq. (4) accounts for the fact
that the typical DM streaming speed at matter-radiation
equality, which is the relevant quantity for LSS, scales
as vs/c ∝ TDM/mDM , see e.g. [23].1 For this value of
mDM , Eq. (3) gives a value of T
′/T which constitutes
the maximal value of T ′/T along which DM can be a hot
relic in agreement with LSS constraints. This gives
T ′dec
Tdec
. 0.15 ·
(
gS? (Tdec)
g
(n)
DM
)1/4
. (6)
As for the upper bound on mDM , since the decou-
pling is relativistic rather than non-relativistic, one does
not need an annihilation cross section as large as for
the non-relativistic case, i.e. able to keep DM thermal-
ized even when its number is already largely Boltzmann
suppressed. Thus one can anticipate that the unitar-
ity bound on the cross section allows much larger DM
masses. But still a bound exists because one has to make
sure that, in this scenario, DM has thermalized within
the hidden sector and the larger mDM , the smaller T
′/T
must be, the smaller is the number of DM particles, the
less they thermalize. The condition to satisfy here is ap-
proximately that Γ/H = neqDM (T
′)〈σann.v〉/H > 1 holds
at some point, taking into account that the annihilation
cross section is bounded from above by unitarity. More
explicitly, the condition Γ/H = neqDM (T
′)〈σann.v〉/H > 1
gives
〈σvrel〉 >
1.67pi2
√
geff? (Tdec)
ζ(3) · g(n)DM
· T
2
dec
T ′3decMPl
. (7)
1
Generalizing Eq. (5) of [24] (see also [22]) to arbitrary numbers
of degrees of freedom gives the same result.
3This bound is to be combined with the unitarity con-
straint which holds on the cross section [1]
σann.vrel <
pi(2J + 1)
p2DM
vrel =
pi(2J + 1)
m2DM
(1− v2rel/4)
vrel/4
,
(8)
where vrel is the relative velocity between both annihi-
lating DM particles and J is the angular momentum be-
tween the in-going particles. This gives the following
unitarity upper bound on mDM ,
mDM . 30.3 PeV · (2J + 1)3/5. (9)
Concretely, to get this bound one has to compute the
maximum possible thermally averaged cross section 〈σv〉
by integrating Eq. (8) over all possible velocities
〈σv〉 ≡
∫
σann.vrelfv(E1)fv(E2) dp
3
1 dp
3
2∫
fv(E1)fv(E2) dp
3
1 dp
3
2
, (10)
where 1 and 2 refer to the two in-going particles of energy
E1,2 and momentum ~p1,2. The velocity distribution, fv,
can be either the Fermi-Dirac or the Bose-Einstein dis-
tribution depending on the spin of the incident particles.
This gives
〈σv〉 < pi(2J + 1)
4m2DM
x′2I(x′; ), (11)
where x′ ≡ mDM/T ′dec, with  = ±1 for a fermion or a
boson respectively, and where I is a (numerically com-
puted) factor of order unity (for relativistic decoupling,
x′ < 1) given by2
I(x′; ) ≡ 1
N2
·
∫ ∞
4x
′2
dw
∫ ∞
√
w
dk+
∫ k−,max
−k−,max
dk−
×

√
w/(w − 4x′2)(
e
k++k−
2 + 
)(
e
k+−k−
2 + 
)
 . (12)
with N ≡ ∫∞
x
′
√
k
2−x′2
e
k
+
k dk, k± ≡ (E1 ± E2)/T ′dec, w ≡
s/T ′2dec, k−,max ≡
√
1− 4x′2/w
√
k2+ − w and s ≡ (p1 +
p2)
2. Plugging Eq. (3) into Eqs. (7) and (11), gives
mDM < 30.3 PeV · (2J + 1)3/5x′3/5
(I(x′; )
1.5
)3/5
×
(
gS? (Tdec)
100
)2/5(
100
geff? (Tdec)
)3/10(
g
(n)
DM
)1/5
. (13)
2
One can check that I(x′ 6 1; 1) ' 1.66, I(1;−1) ' 1.7 and
I(x′ < 1;−1) ' 3.7.
This bound is maximum when the relativistic decoupling
occurs at the lowest T ′dec value allowed in this regime,
i.e. T ′dec ' mDM , leading to the roughly approximated
unitarity bound of Eq. (9). One concludes from this re-
sult that the relativistic decoupling scenario is perfectly
viable for DM candidates around the PeV scale.
Let us now analyse what this relativistic decoupling
mechanism implies for the parameter space of two exam-
ples of explicit models. The first model we consider is
a minimal heavy mediator model where DM is a Dirac
fermion annihilating into a pair of lighter Dirac fermions
through a heavier real scalar S, ψDMψDM → S → ψ′ψ
′
,
as induced by the Lagrangian,
L 3 −yDMψDMψDMS − y′ψ′ψ′S . (14)
In this case, the annihilation cross section is given by
〈σann.v〉 ' y2DMy′2T ′2/(2pim4S) (for the range mDM .
T ′ . mS which applies for a relativistic decoupling).
Solving the condition Γ/H = neqDM (T
′)〈σann.v〉/H = 1,
one obtains
T ′dec = 19.5 TeV ·
(
1
αα′
)1/3 ( mS
PeV
)4/3 ( mDM
10 TeV
)2/9
×
(
100
gS? (Tdec)
)1/18(
1
g
(n)
DM
)1/9
, (15)
with α ≡ y2DM/4pi and α′ ≡ y′2/4pi. For this model, the
unitarity bound of Eq. (13) gives
mDM . 38.0 PeV · x′3/5
(I(x′; 1)
1.5
)3/5
, (16)
using J = 0, g
(n)
DM = 3 and g
eff
? (Tdec) = g
s
?(T
′
dec) ' 106.
Using Eq. (15) in Eq. (16), one also gets the following
upper bound,
mS
mDM
< 922 · (αα′)1/4( PeV
mDM
)5/3(I(x′; 1)
1.5
)3/4
.(17)
Plugging the relativistic decoupling condition,
T ′dec & mDM , in Eq. (15), we also obtain
mS
mDM
& 9.78 · (αα′)1/4( PeV
mDM
)5/12
. (18)
Note also that, considering the explicit form of the
cross section, the unitarity bound requires that
mS
T ′dec
> 2.15 · (αα′)1/4
(
1.5
I(x′; 1)
)1/4
. (19)
For perturbative couplings this is typically satisfied, as
expected.
Fig. 1 summarizes the results obtained above by show-
ing, for 2 values of αα′ and as a function of mDM , the val-
4ues of mS/mDM excluded by the lower and upper bounds
of Eqs. (18) and (17) respectively. In these figures we also
show the regions excluded by LSS, Eq. (5), as well as var-
ious isocontours of T ′dec/Tdec, Eq. (3), and T
′
dec/mDM . In
the relativistic decoupling regime, the T ′dec/Tdec isocon-
tour lines are vertical because this ratio does not depend
on mS , Eq. (3). In Fig. 1 the unitarity absolute upper
bound of Eq. (13), that is to say Eq. (16), is saturated for
T ′dec/mDM ' 1 and mS/mDM ∼ 2. For lower values of
mDM , a relativistic decoupling requires a mediator much
heavier than the DM particle, mS  mDM .
For lower values of mS/mDM , one enters in the non-
relativistic decoupling regime (blue region in Fig. 1),
since this is the region for which T ′dec/mDM < 1. Here,
the results of Fig. 1 follow from a slightly improved ver-
sion of the analytical result which holds for the relic den-
sity in this regime, given in Section 3.4 of [20], see also
[21, 25, 26]. Along this “secluded freeze-out” regime the
relic density not only depends on mDM and T
′/T as in
the relativistic decoupling case, but also on the annihi-
lation cross section. As in the ordinary freeze-out with
T ′ = T , the larger the cross section, the longer the DM
remains in thermal equilibrium, the more the remain-
ing DM number density is Boltzmann suppressed. To-
gether with the fact that 〈σv〉 scale as 1/m4S (as long
as mS & mDM ), this leads to a relic density which de-
creases quickly asmS/mDM decreases, unless this is com-
pensated by a larger value of T ′/T . This explains the
behaviour of the T ′/T isocontours in the region where
T ′dec/mDM < 1 and mS & mDM . For mS ' 2mDM the
annihilation process displays a resonance, as can be seen
in Fig. 1.
For even lower values of the mediator mass, when
mS < mDM , one enters in the light mediator regime,
where the result becomes independent of mS , explain-
ing why the T ′/T isocontours are vertical, as in the
relativistic decoupling case, but largely shifted with re-
spect to this case. Note that for mS < mDM , the extra
DMDM → SS annihilation channel opens up, which
also shifts the positions of the T ′/T vertical lines. In
Fig. 1 we did not include the effect of this channel, for
the sake of showing how the results behave from a same
single DMDM → ψ′ψ¯′ channel everywhere. In this
mS < mDM region the decoupling is non relativistic too
because the DMDM → ψ′ψ¯′ channel decouples anyway
only when DM becomes non-relativistic (since there is no
UV mass scale to suppress it in the relativistic regime).
Finally note that the existence of a lighter ψ′ parti-
cle in the relativistic decoupling scenario does not cause
any problem. Since ψ′ also decouples relativistically, if
it is stable it also contributes to ΩDM , but by a factor
mψ′/mDM smaller than ψDM . Thus it quickly becomes
an irrelevant sub-dominant DM component as soon as it
is sizeably lighter than ψDM . If it decays into the SM its
effect will be also small because of the reduced number of
particles which decay. Similarly, if it is massless, it con-
stitutes extra radiation in the Universe but contributes
to the effective number of extra degrees of freedom in a
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Figure 1: Allowed parameter space for two choices of the cou-
plings, αα
′
= 1 (top) and αα
′
= 1/16pi
2
(bottom). The
regions excluded by the structure formation and unitarity
constraints are shown in red, while the blue region indicates
the non-relativistic regime. We also show various contour of
T
′
dec/mDM and T
′
dec/Tdec.
suppressed way, Neff
ψ
′ ∝ gψ′ ·(T ′/T )3, so that it is allowed
by the CMB and BBN constraints on this parameter.
Next, we consider the example of a model without any
mediator at all. There, since there is no UV mediator
mass cutoff to suppress the cross section at a scale above
mDM , the decoupling can occur only from a Boltzmann
suppression of the number density. Thus one never ends
up with a relic density as large as in the relativistic decou-
pling case. However, we also consider this case because,
still, it can lead to a situation where the annihilation
5cross section decouples at a temperature not far below
mDM . In this case there is little Boltzmann suppression
and one gets a relic density close to the one obtained for a
relativistic decoupling. As a result, PeV DM masses are
also allowed. To quantify this effect, we consider the well
known model where the hidden sector minimally consists
of a Dirac fermion coupling to a dark photon
L 3 −e′χγµχγ′µ + h.c. , (20)
where e′ is the U(1)′ gauge coupling whose associated
gauge boson is the dark photon. Here the relic den-
sity is determined by three input parameters: the DM
mass mDM , the coupling constant α
′ ≡ e′2/4pi and the
ratio of the hidden sector to visible sector energy den-
sities at end of inflation, ρ′/ρ (or equivalently the ratio
of T ′/T once the hidden sector thermalizes). The an-
nihilation process is DMDM → γ′γ′. Integrating the
corresponding Boltzmann equation for the DM number
density, one can determine, as a function of mDM and
α′, what is the value of T ′/T which leads to the observed
relic density, Ωobs = 0.26 (imposing that Γ/H > 1 for at
least one value of T ′ so that the annihilation process ap-
proximately thermalizes at, at least, one temperature).
Assuming this value of T ′/T , one can also compute as
a function of mDM and α
′ what is the value, “Ωrel”,
of ΩDM one would have obtained if DM had decoupled
when still relativistic, simply using Eqs. (1) and (2).
One can check numerically that ratios r ≡ Ωobs/Ωrel
as large as 0.9 can be obtained in the mass range be-
tween GeV and few PeV. This means that, even if there
is no heavy mediator, one can still get relic densities, and
hence DM masses, approximately as high as in the rel-
ativistic decoupling scenario. Of course these maximum
values of r and mDM are obtained for a single value of α
′
which is just large enough for the annihilation to approxi-
mately thermalize and just small enough not to cause too
much Boltzmann suppression. However, they show the
range of possibilities for the case without heavy media-
tor. As soon as one considers smaller values of mDM , for
example few hundreds of TeV, there is a whole range of
possible values of α′. In this case one lies already well
within the ”secluded freeze-out” regime which has been
recently studied for this model in [25], see Fig. 6 of this
reference, and, here too, it is a good approximation to
use the analytic results obtained for the relic density in
Section 3.4 of [20].3 These have been obtained from plug-
ging in the annihilation rate the non-relativistic form of
the DM number density.
All of the above assumes no connector between the vis-
ible and hidden sector. For both models above there are
3
Note that in [5] it is briefly mentioned, on the basis of the same
usual DM model with light dark photons, that for T
′
/T  1, we
could get in principle the observed relic density for “very large
DM masses” with in addition no overclosure of the Universe by
the particles into which DM annihilates in the hidden sector.
nevertheless possibilities of connections through a neu-
trino portal, L 3 −yportalψDMLH, and kinetic mixing
portal, L 3 − 12  FYµνF ′µν , respectively. A Higgs por-
tal communication, L 3 −λmS2H†H is also possible
in the first model, and even in the second model if for
instance the dark photon gets a mass from the Brout-
Englert-Higgs mechanism. The assumption here is that
these portals are so tiny that the two sectors do not ther-
malize. For example, imposing that the portal does not
change the relic density by more than, say, 10%, requires
 . 10−14 for mDM ' 1 PeV and α′ ' 0.1.
Note, however, that such small portals do not nec-
essarily mean that these models could not be tested in
ways other than gravitational. For instance, in the first
model the portal induces a decay which, in order to be
slow enough, requires anyway values of the portal very
far below the values which could thermalize both sec-
tors. If the portal is non vanishing, the decay proceeds
into l±W∓, νh and νZ and leads to a flux of neutri-
nos which could potentially be the origin of the 6-years
IceCube HESE neutrino events at the PeV scale, while
also inducing a flux of γ-rays which is small enough
not to be excluded by Fermi-LAT data [27]. From the
fits of IceCube data which have been performed for the
W+W−, ZZ, hh, l+l− and νν¯ decay channels in [27],
it appears that the combination of the channels above
which applies for this model leads to a reasonable fit
for mDM ∼ 5 PeV with τDM ∼ 5 × 1027 sec (which
is obtained for yportal ∼ 3 × 10−29). A lower mass,
mDM ∼ 0.6 PeV, with a slightly smaller lifetime, ap-
pears to be possible too [27].
On the other hand, for the γ′ model the kinetic mix-
ing portal, as well as a possible Higgs portal, do not lead
to any DM decays. In this case, in order to explain the
IceCube data, one could think about an annihilation pro-
cess. However, this would require an annihilation cross
section today about 4 orders of magnitude larger than
the usual thermal value [27], while the hot relic scenario
requires instead a cross section smaller than the ther-
mal value, as discussed above. Even a large Sommerfeld
boost today would not easily lead to a large enough cross
section. Nevertheless, this model could leave characteris-
tic signatures in direct detection experiments because in
this case the cross section on nucleon is largely enhanced
from the fact that it proceeds through the exchange of
the light or massless γ′ [28].
Finally, note also that it is easy to build models where
there is no possibility of renormalizable and gauge in-
variant portals, especially at the DM scale (even if there
could still be possible connections in the UV, especially
at the inflation scale). In this case there would be no
possibility of tests other than gravitational. However,
nothing guarantees that probes other than gravitational
necessarily exist.
In summary, with or without testable portal, if the DM
does not thermalize with the SM thermal bath, the rela-
tivistic decoupling setup considered above is quite generic
6and appears to be the most straightforward one could
consider. It leads to a relic density determined by only 2
input parameters (mDM and T
′/T ), and works easily for
a DM scale all the way from ∼ 1 keV to few tens of PeV.
It constitutes in particular an especially simple scenario
to account for the observed relic density for a DM mass
scale of order PeV.
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